Introduction {#s1}
============

Peroxisomal disorders either arise from defects in peroxisomal biogenesis or are due to non-functional key enzymes of peroxisomal metabolism. D-bifunctional protein (D-BP) deficiency belongs to the latter category. Typically, a point mutation or a deletion is found in the gene *HSD17B4* coding for D-bifunctional protein (also known as multifunctional enzyme type 2; MFE-2), an enzyme responsible for the second and the third reactions of the four-step fatty acid β-oxidation spiral in peroxisomes. MFE-2 is able to use very long straight-chain substrates, α-methyl-branched chain fatty acids and C27-bile acid intermediates [@pone.0053688-Wanders1], [@pone.0053688-Russell1], which cannot be processed in mitochondria. Dysfunctional or residually active MFE-2 therefore leaves these types of lipids accumulating in cells. MFE-2 consists of two structurally distinct domains within a double-dimeric overall structure [@pone.0053688-Haataja1]: the 2E-enoyl-CoA hydratase 2 ("hydratase 2, H2") and the 3R-hydroxyacyl-CoA dehydrogenase ("dehydrogenase, DH") units. In the C-terminus of the human MFE-2, after the hydratase domain, there is a third domain consisting of an unspecific lipid-binding protein SCP-2L (sterol carrier protein type 2-like). This domain has no enzymatic activity and its precise function is unknown. All three functional domains of human MFE-2 can be studied as stand-alone proteins and their crystal structures are known [@pone.0053688-Haapalainen1]--[@pone.0053688-Lukacik1].

D-BP deficiency results, via an unknown mechanism, in usually severe clinical abnormalities such as delayed psychomotor development, neonatal hypotonia and seizures, visual and hearing impairment, as well as craniofacial dysmorphic features [@pone.0053688-Wanders2]. Patients diagnosed with D-BP deficiency can be grouped into three groups: deficiency in both the hydratase and the dehydrogenase units (type I), the loss of activity of the hydratase unit of MFE-2 affecting the second reaction of β-oxidation (type II), or the loss of activity of the dehydrogenase unit of MFE-2 affecting the third reaction of β-oxidation (type III). The symptoms are the same regardless of the type of deficiency [@pone.0053688-Ferdinandusse1]. The clinical manifestations of D-BP deficient patients are similar to those of patients affected by a peroxisome biogenesis disorder collectively called the Zellweger spectrum disorders. Diagnosis of the deficiency is complemented by measurements of the levels of indicative fatty acids in plasma, fatty acids and enzyme activities in patient's cells, usually skin fibroblasts, and mutation analysis. Analyses have revealed both missense and nonsense mutations with varying effects on the protein structure and residual activity of either or both enzymatic domains of MFE-2 [@pone.0053688-Ferdinandusse2].

We have previously studied a cohort of 110 D-BP deficiency patients with clinical and biochemical data available [@pone.0053688-Ferdinandusse1]. Several of these patients presented milder symptoms and extended life span. *In silico* protein structural studies indicated a correlation between the severity of the disease and the degree of disturbance to the protein structure. In this paper we report further structure-function studies with the aim to understand the molecular basis and the mechanisms leading to D-BP deficiency. Based on our previous studies all functional domains of human MFE-2 can be expressed and purified as stand-alone proteins that fold into their native conformations as fully active dimers [@pone.0053688-Haapalainen2]--[@pone.0053688-Lukacik1]. When dimerization occurs the contacts in full-length MFE-2 are mainly between enzyme units of different monomers rather than within a monomer [@pone.0053688-Lukacik1]. In this study we only focused on the variations located in the dehydrogenase domain to study the activity-stability relationship *in vitro* and *in silico*. Experimental structure, stability and activity data of the MFE-2 dehydrogenase domain is correlated with molecular dynamics (MD) simulation data of the protein showing the altered structural dynamics of the disease-causing variants with respect to the wild type enzyme.

Materials and Methods {#s2}
=====================

Preparation of Protein Samples {#s2a}
------------------------------

The cDNA of the 3R-hydroxyacyl-CoA dehydrogenase (DH) fragment of HsMFE-2 [@pone.0053688-Qin1] was amplified using PCR with a primer pair of 5′-tattata[catATG]{.ul}GGCTCACCGCTGAGGTTC-3′/5′-tatta[ctcgag]{.ul}TGCTGTAGACGTTGCACGAC-3′ with lowercase sequences indicating mismatches to the HsDH sequence and NdeI and XhoI restriction enzyme recognition sites underlined. The codon usage of HsMFE-2 template was optimized for E. coli to improve the recombinant protein expression: altogether 15 codons (13 arginines and 2 isoleucines) were exchanged while keeping the native amino acid sequence intact ([Table S1](#pone.0053688.s001){ref-type="supplementary-material"}). The DH fragment was subsequently cloned into a pLWRP51-vector [@pone.0053688-Alanen1] by digesting the *Hs*DH insert and the pLWRP51 vector similarly with NdeI and XhoI restriction enzymes and then ligated by using a Fast-Link DNA Ligation Kit (Epicentre) resulting in pLWRP51::*HsDH* bacterial expression plasmid. The nucleotide sequence of the inserted DNA was checked for possible mutations.

The plasmid was used as a template in PCR for constructing all of the patient variants [@pone.0053688-Ferdinandusse1] with *HsDH*-spesific primers using QuickChange™ site-directed mutagenesis kit (Stratagene). Mutagenesis was carried out according to the instructions. The expression and purification of *Hs*DH and the patient variants were done as follows. The pLWRP51::*HsDH* plasmids were transformed into *E. coli* BL21 (DE3) pLysS competent cells (Novagen). Selection was done in LB-ampicillin-chloramphenicol plates. Protein expression was done in M9ZB liquid medium (1% casein hydrolysate (Sigma), 90 mM NaCl, 1 mM MgSO~4~, 0.4% dextrose, 20 mM NH~4~Cl, 20 mM KH~2~PO~4~, 20 mM Na~2~HPO~4~) supplemented with carbenicillin (to 50 µg/ml) and chloramphenicol (to 34 µg/ml). Freshly grown colonies were picked from LB-amp-chloramphenicol plates and grown in a flask containing 1 liter of medium at +37°C until an OD~600~ of 0.8 was reached. The temperature was decreased to +18°C and the expression of the recombinant protein was induced by the addition of IPTG to a final concentration of 0.6 mM. After 16 h of induction, the cells were collected by centrifugation (4000 g) at +4°C for 30 min, and washed with PBS buffer. The cell pellet was stored at --70 °C until used.

The bacterial cell pellet (∼5 g wet weight) was resuspended in 40 ml of Lysis buffer (50 mM NaPi, pH 8.0, 300 mM NaCl, 5% glycerol). The cell wall was broken with lysozyme (to 300 µg/ml) at RT for 20 min and by sonicating 6 × 20 s, with 20 s resting intervals, in plastic tubes cooled on ice using a Soniprep 150 Ultrasonic Disintegrator (Sanyo Gallenkamp PLC). The suspension was subsequently centrifuged (10,000 g) at +4°C for 45 min and filtered through glass wool. The supernatant was applied to a Ni--NTA Superflow -column (0.75 cm × 1.0 cm, Qiagen) equilibrated with the Lysis buffer. Unbound proteins were washed off the column with the same buffer and recombinant protein was eluted from the column by a 70 ml linear gradient of 0--250 mM imidazole (pH 8.0). The flow rate in every step was 1 ml/min. The fractions containing recombinant protein were pooled and concentrated by using an Amicon® Ultra Centrifugal Filter Devices (Millipore) with a cut off 5.0 kDa. The concentrated protein sample was applied in a 350 µl aliquot to a Superdex 200 10/300 GL size-exclusion column (GE Healthcare) equilibrated in PIPES/HCl buffer (20 mM piperazine-N,N′-bis(2-ethanesulfonic acid), pH 6.8, 150 mM NaCl, 1 mM EDTA, 5% glycerol, 1 mM NaN~3~) at 0.3 ml/min. Fractions (300 µl) containing pure wild type 3R-hydroxyacyl-CoA dehydrogenase recombinant protein or its clinically relevant variants were pooled and concentrated to 5--12 mg/ml.

Enzyme Assays and in vivo Studies {#s2b}
---------------------------------

The enzyme activities and kinetic constants were obtained by monitoring the oxidation of 3R-hydroxyacyl-CoA at 303 nm using a 2E-decenoyl-CoA substrate [@pone.0053688-Hiltunen1]. Concentration of the used substrate, synthesized as described by Qin *et al.* [@pone.0053688-Qin2], was varied from 0.5 to 30 µM, measured by using Ellman's test [@pone.0053688-Ellman1]. The reaction buffer included 50 mM Tris/HCl, pH 9.0, 50 mM KCl, 50 µg/ml BSA, 1 mM NAD^+^, 1 mM sodium pyruvate, 2.5 mM MgCl~2~, and 22 units lactate dehydrogenase (from rabbit muscle, Sigma) in a reaction volume of 0.5 ml. A surplus amount of recombinant pure *Hs*H2 protein [@pone.0053688-Koski1] was used to convert the 2E-decenoyl-CoA into the substrate for *Hs*DH. Kinetic constants K~m~, V~max~ and k~cat~ were calculated by using the GraFit 5 program (Erithacus Software).

The yeast plasmids, pYE352::*HsMFE-2*, pYE352::*ScMFE-2* and pYE352::*CTA1*, used for *in vivo* experiments were constructed before [@pone.0053688-Hiltunen1], [@pone.0053688-Filppula1]. Plasmid pYE352::*HsMFE-2* was used as the template for patient variants *Hs*MFE-2(T15A), *Hs*MFE-2(N158D), *Hs*MFE-2(E232K), *Hs*MFE-2(R248C) and *Hs*MFE-2(W249G), using *HsDH*-spesific primers and QuickChange™ site-directed mutagenesis kit (Stratagene). All eight plasmids were transformed into *Saccharomyces cerevisiae* deletion strain BY4741 *Δfox2* (YKR009c, Euroscarf, accession code Y0508) (*Δfox2*) by the lithium acetate method [@pone.0053688-Gietz1] and selected on SD-Uracil (0.67% Yeast nitrogen base w/o amino acids, 0.2% Yeast synthetic drop-out media supplement w/o uracil, 2.0% dextrose, 2.0% agar) plates [@pone.0053688-Filppula1].

The yeast complementation studies were done by spotting the fresh o/n culture dilution series of ^1)^ *Δfox2*+ pYE352::*HsMFE-2*, ^2)^ *Δfox2*+ pYE352::*ScMFE-2*, ^3)^ *Δfox2* strain, ^4)^ *Δfox2*+ pYE352::*CTA1*, ^5)^ *Δfox2*+ pYE352::*HsMFE-2*(T15A), ^6)^ *Δfox2*+ pYE352::*HsMFE-2*(N158D), ^7)^ *Δfox2*+ pYE352::*HsMFE-2*(E232K), ^8)^ *Δfox2*+ pYE352::*HsMFE-2*(R248C), ^9)^ *Δfox2*+ pYE352::*HsMFE-2*(W249G) on thin oleic acid plates (0.67% yeast nitrogen base w/o amino acids, 0.1% Yeast extract, 0.5% KPi, pH 6.0, 0.5% Tween 80, 0.14% oleic acid, and 2.0% agar) [@pone.0053688-Gurvitz1]. For spotting assays the cells were washed with sterile water, the OD600s of washed cell cultures were normalized to 1.0, and the dilution series 10^−1^ to 10^−2^ were prepared in sterile water. The plates were incubated at 30°C for one week and an additional two days at 4°C for a better visualization of the clearing zones made by the cells able to utilize the oleic acid as the sole carbon source for growth. *ΔFox2* and *Δfox2*+ pYE352::*CTA1* were used as negative controls, *Δfox2*+ pYE352::*HsMFE-2* and *Δfox2*+ pYE352::*ScMFE-2* as positive controls.

Circular Dichroism (CD) Spectroscopy {#s2c}
------------------------------------

Far UV- circular dichroism spectra were recorded by a JASCO J-715 CD-spectropolarimeter (Jasco Corp. Tokyo, Japan) with the sample concentrations 0.050 mg/ml in 20 mM potassium phosphate, pH 7.0. All scans were collected at 25°C as an average of eight scans, using a cell with a path length of 0.1 cm and instrument settings: response 0.5 s, sensitivity 100 mdeg, and scan speed 20 nm/min. Thermal denaturation curves were generated by monitoring the protein solution at a fixed wavelength 222 nm over a temperature gradient of 25--90°C with the instrument settings: temperature increase 30°C/h, response 16 s, and sensitivity 100 mdeg.

Molecular Dynamics Simulations {#s2d}
------------------------------

Wild type and variant structures were all prepared from Protein Data Bank [@pone.0053688-Berman1] entry 1ZBQ [@pone.0053688-Lukacik1]. We are assuming that variant structures do not differ too much from wild-type, which is a reasonable assumption for most point variations, corroborated by our experiments for at least 5 disease-causing variants. Since we consider it of prime importance to combine our simulation work with the available experimental data, we have chosen to omit those variants for which no such activity or stability data could be collected, moreover so since we have no evidence as to their stability and structural fold. The remaining 5 variants (plus the wild type structure) were prepared and investigated as follows. Missing side chain atoms were obtained from the other monomer if available, or else by copying the side chain conformation of a similar residue where the resulting conformation shows no overlap with neighboring residues. Residues were mutated by shaving off the side chain till the last common atom, and then renamed and rebuilt using the same procedure. All structures were placed in a truncated dodecahedron box and solvated with between 15760 and 15783 SPC [@pone.0053688-Berendsen1] water molecules. All simulation systems were made electrostatically neutral by replacing the appropriate number of random water molecules with Cl^--^ -counter ions [@pone.0053688-Chandrasekhar1]. The Gromacs [@pone.0053688-VanDerSpoel1] suite of programs (version 3.3.1) was used, with the Gromos96 43a2 parameter set [@pone.0053688-VanGunsteren1]. One thousand steps linear descent energy minimization was performed, applying harmonic position restraints (1000 kJ/mol/nm^2^) on the protein backbone atoms, followed by 100 ps position-restraint Molecular Dynamics (MD) simulation. A time step of 4 fs was employed, removing center-of-mass motion every time and updating the neighbor list every 5 steps. The systems were coupled to a temperature bath at 310 K using Berendsen temperature coupling, with a coupling constant of 0.1 ps [@pone.0053688-Berendsen2]. Protein and solvent (water plus counter ions) were coupled separately. Pressure was maintained at 1 bar using isotropic pressure coupling with a coupling constant of 1 ps. Van der Waals interactions were cut off at a distance of 1.0 nm, electrostatic interactions calculated with the particle mesh Ewald method [@pone.0053688-Essman1], using fourth-order splining and a grid spacing of 0.12 nm. Equations of motion for the water molecules were solved analytically with the SETTLE algorithm [@pone.0053688-Miyamoto1]. All bonds were constrained using the LinCS algorithm [@pone.0053688-Hess1] and rotational motion involving CH~3~ groups was slowed down using virtual sites [@pone.0053688-Feenstra1]. Production runs consisted of 50 ns simulation using the same settings, but without position restraining of the protein atoms. Our equilibration procedure included the first 20 ns of the production runs, when it was found that all simulations had reached equilibrium in terms of root mean square deviation and secondary structure evolution. Data collection and analysis is over the last 30 ns of every simulation, offering ample length to study the type of interactions and motions we were interested in. An exhaustive investigation of hydrogen bonding was performed, analyzing for every frame of the simulation trajectory the shortest distance between possible donor and acceptor atoms.

Other Analyses {#s2e}
--------------

The concentrations of the protein samples were determined spectrophotometrically, measuring the absorbance at 280 nm and dividing it by absorbance coefficient [@pone.0053688-Gasteiger1]. Purities of the samples were analyzed by 12% SDS-polyacrylamide gels [@pone.0053688-Laemmli1] and for the native *Hs*DH protein, using the static light scattering (SLS) as described previously [@pone.0053688-Haataja1].

Results and Discussion {#s3}
======================

Solving crystal structures of protein variants including complexes with substrates, inhibitors or other ligands is the preferred method to study the molecular basis of enzyme function/dysfunction. Unfortunately, variant proteins are often difficult to express, purify and crystallize, due to the structural perturbation caused by the variation. Unlike many engineered proteins, amino acid substitutions as caused by mutations in patients frequently have an adverse effect on the activity or stability of the enzyme - otherwise they would not be revealed via a disease. Certain variant proteins do retain their structural integrity and activity, however, to the extent that they lend themselves for experimental molecular studies. This was also seen in the present study.

Expression and Purification {#s3a}
---------------------------

Ten clinically interesting and previously published [@pone.0053688-Ferdinandusse2] human 3R-hydroxyacyl-CoA dehydrogenase domain variants found by genetic analysis were chosen for the study. All variant proteins could be expressed and detected in *E. coli*. However, five of them could not be studied with respect to their enzymatic properties: *Hs*DH(A34V) turned out insoluble, two variants precipitated during the purification protocols (*Hs*DH(F237S) and *Hs*DH(A241T)), while two rapidly degraded after purification (*Hs*DH(R104M) and *Hs*DH(S153L)). Finally, the native *Hs*DH and the variants *Hs*DH(T15A), *Hs*DH(N158D), *Hs*DH(E232K), *Hs*DH(R248C) and *Hs*DH(W249G) were overexpressed in a pLWRP51 expression vector in *E. coli* BL21(DE3)pLysS cells. All recombinant proteins were purified chromatographically on a Ni-NTA column followed by a size-exclusion (Superdex 200) column. Five grams (wet weight) of *E. coli* cells provided 5 to 10 mg batches of pure recombinant proteins. The molecular masses of the denatured proteins, determined using SDS-PAGE analysis, were approximately 36 kDa ([Figure 1](#pone-0053688-g001){ref-type="fig"}), which agrees with the monomer 36.14 kDa mass estimated from the amino acid sequence of the native dehydrogenase (ExPASy Bioinformatics Resource Portal). All purified proteins eluted from the size-exclusion chromatography with the same retention time which points to a similar oligomeric status. The SLS results show that the recombinant proteins are dimers (size 76 kDa), which is consistent with the data that full-length MFE-2 as well as its stand-alone enzyme domains are known to be biologically active proteins only as dimers [@pone.0053688-Haapalainen2].

![Coomassie-stained SDS-PAGE gel of purified *Hs*DH recombinant protein and its five clinically interesting patient variants under reducing conditions.\
The first line represents Low molecular weight protein standard (Bio-Rad) and lines 2--7 protein samples purified by Ni-NTA and Superdex 200 gel filtration columns as follows: 2) wild type *Hs*DH, 3) T15A variant, 4) N158D variant, 5) E232K variant, 6) R248C variant and 7) W249G variant. The molecular masses of all the recombinant protein monomers (∼36 kDa) correspond to the monomer mass (36.14 kDa) estimated from the aa sequence of the wild type *Hs*DH [@pone.0053688-Gasteiger1].](pone.0053688.g001){#pone-0053688-g001}

Secondary Structures and Stabilities {#s3b}
------------------------------------

The far-UV region (195--250 nm) CD spectra for native *Hs*DH and the five patient variants were virtually identical (data not shown), indicating a minor effect of the variations on the secondary structures and correct folding of the proteins. However, the spectrum of *Hs*DH(E232K) ran slightly more on negative values in wavelengths 205--222 nm. Secondary structure evolution in the MD simulations shows only a slight increase in the total number of secondary structure elements for variants R248C and W249G, and a change of balance between α-helices and turns for all variants (data not shown). Our results, both experimental and simulation, show only slight variations in secondary structure between the variant proteins, yet two of them suffer in stability.

Two of the variants, T15A and E232K, exhibited a lowered melting temperature (*T* ~m~) of ca. 9°C ([Table 1](#pone-0053688-t001){ref-type="table"}). A lowered *T* ~m~ *in vitro*, although above the physiological temperature, is commonly used to indicate diminished stability of point variants also *in vivo*, and this has actually been shown for p53 [@pone.0053688-Mayer1]. E232K protein is a very active enzyme, while the T15A is clearly defective in terms of cofactor binding. In the former case the somewhat diminished activity is a sole consequence of diminished stability, while in the latter case the variation has hit a site crucial for both activity and stability. Thus, a lowered *T* ~m~ alone is not a good indication of the disease-causing mechanism at the molecular level.

10.1371/journal.pone.0053688.t001

###### Features of native recombinant *Hs*DH protein and its five clinically interesting patient mutation variants.

![](pone.0053688.t001){#pone-0053688-t001-1}

  Protein    V~max~(µmol·min^−1^·mg^−1^)   K~m~(µM)    K~cat~(s^−1^)   K~cat~/K~m~   Tm(°C)                                                                                                                                                              Structural contacts                                                                                                                                                                                                                                                                                                                               Patients
  --------- ----------------------------- ----------- --------------- ------------- -------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  NATIVE              4.44±0.21            0.54±0.11       1330           2460         58                                                                                                                                                                                                                                                                                                                                                
  T15A                  n.d.                 n.d.          n.d.           n.d.         49                                  T15 is located in the NAD^+^ binding site. Hydrogen bondbetween side chain of T15 and main chain of N99 isbroken. This might disturb the structural feature, which iscommon to the SDR family members [@pone.0053688-Emekli1] and thecofactor binding groove could be loosened.                                Three homozygote T15A patients having typical symptoms have been described, but the characteristic peroxisomal metabolites were normal or slightly increased/increased. One patient died in the age of 10 years and 9 months, others were still living at the ages of 8 and 5 [@pone.0053688-Ferdinandusse2], [@pone.0053688-vanGrunsven1].
  N158D               0.16±0.01            8.63±1.14       48.6           5.63         59         N158 is conserved residue (in mammalian and yeast MFE-2s) and locates in the substrate binding groove. According to docking experiments [@pone.0053688-Filling1] it might be essential for the substratebinding via probably having a hydrogen bond with the substrate.This contact is most probably lost in the variant protein.                                                                                                            One heterozygote patient with the most common D-BP deficiency variation (G16S) has been mentioned [@pone.0053688-Ferdinandusse2].
  E232K               2.59±0.21            0.38±0.11        777           2050         50                                                        E232 forms a hydrogen bond with W273 from the othermonomer and takes part in the dimerization.Dimerization of the nucleotide binding domainand the extra C-terminal domains could be affected,leading to a more unstable structure.                                                                                                                                                                                   One homozygote patient, whose age or peroxisomal metabolite levels are not known.
  R248C               1.10±0.02            0.60±0.07        331            555         56                                                                                                                               R248 locates in the area important for the substrate binding [@pone.0053688-Daura1].                                                                                                                                  Three homozygote and one heterozygote (with W249G) patients have been mentioned previously [@pone.0053688-Ferdinandusse2]. One patient was still alive at the age of 5 and having normal levels of biochemical metabolites with the exception of elevated C26∶0 levels in plasma. The ratio of C26/C22 fatty acids was near normal.
  W249G              0.019±0.001           2.68±0.47        5.7            2.1         58     W249 locates in the area important for the substratebinding [@pone.0053688-Daura1]. W249s from both of the monomers pointinward in the crossing area of extra C-terminal domains andthey interact via strong π bond. Variation breaks astrong contact between two monomers and might disturbthe area important for the substrate binding.                                                                                        One heterozygote (with R248C) patient has been mentioned previously [@pone.0053688-Ferdinandusse2]. Neither the age nor peroxisomal metabolite levels are known.

The activities of human dehydrogenase and its variants were measured by detecting spectrophotometrically the formation of magnesium complex of 3R-hydroxydecanoyl-CoA at 303 nm from the 2E-decenoyl-CoA substrate in concentration range from 0.5 to 30 µM. Kinetic parameters are calculated by using GraFit 5.0 program (Erithacus Software). Main features characterizing the observed structural changes in the variant proteins and the patients are also given (and discussed in more details in the text).

n.d. = not determined (recording reliable and comparable data would have necessitated using a large surplus of NAD^+^).

Enzyme Activities {#s3c}
-----------------

The kinetic parameters ([Table 1](#pone-0053688-t001){ref-type="table"}) of the native and disease-causing variant *Hs*DH proteins were measured spectrophotometrically toward oxidation of 3R-hydroxydecanoyl-CoA, which becomes available for the dehydrogenase in the assay as a product of the hydratase 2 reaction. The results show differential residual activities for each of the proteins. For the T15A variant the location of the amino acid change in the binding site of NAD^+^ resulted in an inability to record reliable kinetic parameters by the method used. However, the *Hs*DH(T15A) variant undoubtedly had activity towards the 2E-decenoyl-CoA substrate used in the presence of a surplus of NAD^+^.

In the oleic acid experiment, utilizing *S. cerevisiae* lacking endogenous MFE-2, the ability of the full-length *Hs*MFE-2 variants for complementation was studied ([Figure 2](#pone-0053688-g002){ref-type="fig"}). In all cases the variant proteins rescued the ability of the yeast to utilize oleic acid as the sole carbon source, thus indicating *in vivo* activity of MFE-2 for all the studied variant proteins.

![Growth of the BY4741 *Δfox2* cells on oleic acid transformed with pYE352::*ScMFE-2,* pYE352::*CTA1*, pYE352::*HsMFE-2*, and its five clinically interesting patient variants.\
The dilution series were done on YPD (0.2% glucose)- oleic acid (0.125%) plates and the BY4741 *Δfox2* cells were grown at +30°C for one week indicated by: (1) BY4741 *Δfox2*+ pYE352::*HsMFE-2*, (2) BY4741 *Δfox2*+ pYE352::*ScMFE-2*, (3) BY4741 *Δfox2* strain, (4) BY4741 *Δfox2*+ pYE352::*CTA1*, (5) BY4741 *Δfox2*+ pYE352::*HsMFE-2*(T15A), (6) BY4741 *Δfox2*+ pYE352::*HsMFE-2*(N158D), (7) BY4741 *Δfox2*+ pYE352::*HsMFE-2*(E232K), (8) BY4741 *Δfox2*+ pYE352::*HsMFE-2*(R248C), (9) BY4741 *Δfox2*+ pYE352::*HsMFE-2*(W249G). When the yeast is able to utilize the oleic acid as a sole source of carbon, there will appear a clear zone around (samples 1, 2, 5, 6, 7, 8 & 9), but if the functional *fox2* gene is missing the environment remains opaque (samples 3 & 4).](pone.0053688.g002){#pone-0053688-g002}

Molecular Dynamics Simulations {#s3d}
------------------------------

It is not straightforward to analyze the influence of a point variation that removes a native hydrogen bond. If the donor or the acceptor atom is not present in the variant, the hydrogen bonding will occur to the nearest available protein atom or to a water molecule. Depending on the structural environment nearby or distant bonds may be affected.

Local disturbances to the structure are evident. However, our analyses revealed that gross structural changes affecting long distances over the protein molecule due to point variations are unlikely. We have performed an exhaustive investigation of internal hydrogen bonds and identified the existence of altogether 18 critically situated hydrogen bonds, distributed between e.g. substrate binding sites, the area of the catalytic triad and the C-terminal subdomain ([Table 2](#pone-0053688-t002){ref-type="table"}). Since no clear evidence of domain movements in the variants were detected we decided to use the program HingeProt [@pone.0053688-Emekli1] to detect possible hinges and especially changes in hinge sites in order to reveal variation-specific domain movements in the simulated structures. For this purpose we performed a cluster analysis on the individual trajectories [@pone.0053688-Daura1] using default parameters. The middle structure of the most populated cluster was subsequently analyzed with HingeProt. This was done for all six simulations as for the crystal structure. The analysis detected only minor changes with a hinge at residues 248/249 for all structures including the dehydrogenase crystal structure and a second hinge centering at residues 148, 167/171 or 189/190, which are all spatially close together lining the same inside of the substrate binding cavity. These findings confirm our observation that the point variations induce only a local disturbance in the structure as opposed to a global or long-range effect. Thus, we asked the more appropriate question whether an amino acid replacement in one way or another hampers local structural fluctuations in the protein molecule, more specifically the necessary dynamic movements associated with ligand binding or release, or catalytic activity. We then correlate these findings with our experimental assays and pathological data.

10.1371/journal.pone.0053688.t002

###### The hydrogen bonds analyzed in MD simulations.

![](pone.0053688.t002){#pone-0053688-t002-2}

  Atoms                       Native   T15A   N158D   E232K   R248C   W249G                                                     Note
  -------------------------- -------- ------ ------- ------- ------- ------- -----------------------------------------------------------------------------------------------------------
  **In the same monomer**                                                    
  T15 N - V97 O                 \+      −      \+      \+      \+      \+                                                NAD^+^ binding site
  T15 OG1 - N99 N               \+      \-      −       −       −       −                                                NAD^+^ binding site
  T15 OG1 - A100 N              \+      \-      −       −       −       −                                                NAD^+^ binding site
  L103 N - F45 O                \+      −       −       −      \+      \-                   Above the catalytic triad ([figure 4](#pone-0053688-g004){ref-type="fig"} A)
  H123 NE2 - I102 O             \+      \+     \+       −      \+      \-                                             Above the catalytic triad
  Q141 NE2 - I93 O              \+      −      \+      \+       −      \+                                                  On the surface
  G160 O - R106 N               \+      −       −       −       −       −                                           In the loops above the cavity
  K168 NZ - T149 O              −       −       −       −      \+       −                                        K168 belongs to the catalytic triad
  E232 O - N190 ND2             \+      \+     \+       −      \+       −                                       N190 locates in Rossmann-fold β-sheet
  R251 N - S283 O               \+      \+      −      \+      \+      \+            Area important for the substrate binding ([figure 4](#pone-0053688-g004){ref-type="fig"} A)
  R251 O - S283 N               \+      \+      −      \+      \+      \+            Area important for the substrate binding ([figure 4](#pone-0053688-g004){ref-type="fig"} A)
  **Between two monomers**                                                   
  N158 O - S177 OG              −       −       −       −       −      \+                                             On the top of the cavity
  E181 OE - F108 N              \+      −       −       −       −      \+                                                 Above the cavity
  E181 OE - G160 N              \+      −       −       −       −       −                        Above the cavity ([figure 4](#pone-0053688-g004){ref-type="fig"} A)
  R251 NH - E238 OE             \-      −      \+       −       −       −                                     Area important for the substrate binding
  L253 O - W243 NE1             −       −      \+       −       −       −                              Catalytic domain and C-terminal subdomain dimerization
  E267 OE - R32 NH              \+      −      \+       −      \+       −     Catalytic domain and C-terminal subdomain dimerization ([figure 4](#pone-0053688-g004){ref-type="fig"} A)
  V257 N - G242 O               \+      \+     \+      \+      \+      \+                              Catalytic domain and C-terminal subdomain dimerization

In total 18 hydrogen bonds, which were found to either be stable in the native protein or to form when the variation was present, were analyzed. The symbol (+) indicates the stable existence of the hydrogen bond and the symbol (--) clear fluctuation.

Patient Variations {#s3e}
------------------

Each amino acid residue change was introduced in the crystal structure coordinates of the native dehydrogenase (PDB code 1ZBQ; [@pone.0053688-Lukacik1]) and the dynamics followed as described above. The rationale in our approach was to follow the existence and life-time of the hydrogen bonds present on or involving the residues affected by the variations. Hydrogen bonding distances (threshold 3.5 Å) and the distance fluctuations, identification of putative nearby replacing hydrogen bond partners, and similarity of the effects in both monomers of the dimeric protein were considered. This information, combined with experimental stability and activity of the native and variant proteins ([Table 1](#pone-0053688-t001){ref-type="table"}), allowed us to make conclusions about the disease-causing mechanism of each variation. The structural details of variation sites are presented in [Figure 3](#pone-0053688-g003){ref-type="fig"} and hydrogen bond distance evolutions as correlated with the variations are presented in [Figure 4](#pone-0053688-g004){ref-type="fig"}.

![Five biologically interesting variations located in the dehydrogenase dimer of human MFE-2.\
The two dehydrogenase monomers in the middle of the figure are colored in green and blue, amino acids T15, N158, E232, R248 and W249 are shaded grey and shown in stick presentations, NAD^+^ are colored in yellow and shown also in stick presentation. The rectangles indicate parts of the structure that are represented in larger details in small figures. The figures were done using the program PyMol (Schrödinger) and human 3R-hydroxyacyl-CoA dehydrogenase structure (PDB ID 1ZBQ; [@pone.0053688-Lukacik1]).](pone.0053688.g003){#pone-0053688-g003}

![Hydrogen bond distance evolutions correlated with the variations.\
The two dehydrogenase monomers are shown as surface presentation; monomer A is colored in green and monomer B in blue. For both monomers the larger (upper) part in panel A is the Rossmann fold core domain and the smaller (lower) part is the C-terminal subdomain. Variation sites are color coded with the fluctuation analysis as follows: N158D (green), E232K (violet), R248C (yellow) and W249G (light brown). Residues found essential for discussion on the D-BP deficiency mechanism are colored as follows: amino acids belonging to catalytic triad (S151, T164 and K168) in magenta, amino acids locating at the tip of the cavity leading to the active site (I180, Y156 [@pone.0053688-Kashiwayama1] and I288) in purple blue and amino acids important for the substrate binding (E250 and R251) in orange [@pone.0053688-Kashiwayama1]. NAD^+^ is colored in yellow and presented in stick presentation. (A) The front side of both monomers. The groove for the substrate binding begins from the crossing area of C-terminal subdomains and continues to the cavity leading to the active site. Four different areas in which the variations cause structural fluctuation compared to native protein are marked with ellipses and linked to the fluctuation figures. In the fluctuation figures each rectangle shows the evolution of the distance (in nm; y-axis) of a specific hydrogen bond (as indicated) for 50 ns (x-axis). On each four fluctuation figures the leftmost rectangle (in black) is the native protein, while the other rectangles show the distance evolution of the indicated hydrogen bond in protein variants as follows: N158D (top left and bottom right in green), W249G (top left and right in light brown) and E232K (bottom left in violet). Representative surface-exposed hydrogen bonds were chosen for the figure; a complete list of hydrogen bonds, which were found fluctuating, is presented in [table 2](#pone-0053688-t002){ref-type="table"}. (B) The substrate binding groove and cavity from above. The figures were done using the program PyMol (Schrödinger) and human 3R-hydroxyacyl-CoA dehydrogenase structure (PDB ID 1ZBQ).](pone.0053688.g004){#pone-0053688-g004}

T15A Variation {#s3f}
--------------

This residue change is located in the NAD^+^ binding site, where two β-strands critical for the binding environment are held together ([Figure 3](#pone-0053688-g003){ref-type="fig"}). It is known that a mutation causing the G16S substitution is the most common cause for type III D-BP deficiency [@pone.0053688-vanGrunsven1] and it inactivates MFE-2 *in vivo* [@pone.0053688-Qin2]. Hydrogen bonds connect the T15 side chain to the backbones of residues V97, N99 and A100. The bonds to N99 and A100 clearly break upon variation (distances increase from ca. 3Å to ca. 5Å). This could loosen the structure locally, which is supported by the increased temperature sensitivity ([Table 1](#pone-0053688-t001){ref-type="table"}), and disturb the binding of NAD^+^, seen in the activity measurements as a need for a large surplus of NAD^+^ to achieve measurable data. In MD simulations the fluctuation extends also to the signature Ser-Tyr-Lys catalytic triad of the SDR superfamily [@pone.0053688-Filling1], as well as to the cavity area ([Figure 4](#pone-0053688-g004){ref-type="fig"}) important for the substrate binding [@pone.0053688-Kashiwayama1]. Most important seems to be, however, that the hydrogen bond not involving any side chain atoms (T15 *N* to V97 *O*) seems to be more stable. This is logical given the fact that the change of side chain does not directly affect this bond. It seems that this bond is enough to maintain the local environment sufficiently intact and the enzymatic activity is not completely lost: complementation assay in yeast indicates the ability of T15A-variated protein to utilize oleic acid ([Figure 2](#pone-0053688-g002){ref-type="fig"}) and activity towards 2E-decenoyl-CoA substrate was undoubtedly seen (although could not be reliably quantitated; [Table 1](#pone-0053688-t001){ref-type="table"}).

Three patients carrying the T15A variation and showing the typical symptoms of peroxisomal disorders have been described previously [@pone.0053688-Ferdinandusse1], [@pone.0053688-Gronborg1]. They all had normal or, after passing of time, slightly elevated peroxisomal parameters in plasma. One patient had normal C26∶0 β-oxidation in fibroblasts at the age of five, but pristanic acid β-oxidation was deficient. A boy, who passed away at the age of 10 years and 9 months, had slightly elevated pristanic acid level in plasma. A girl patient showed the increase of pristanic acid in plasma first time at the age of three and increase of C26∶0 and C26∶0/C22∶0 ratio at the age of 3.5 years. She was still living at the age of five. These cases together with our results suggest that the T15A variation results in D-BP deficiency of the mild type.

N158D Variation {#s3g}
---------------

Despite the crystal structure indicating a firm hydrogen bond between N158 *ND2* and Q161 *OE1* ([Figure 3](#pone-0053688-g003){ref-type="fig"}) the MD simulations show that this connection is unstable in the wild type protein. In the variant protein this bonding is not even possible due to the lost hydrogen donor upon side chain alteration. The distances of nearby candidate dimerization contacts from S177 *OG* to either N158 *N* and/or N158 *O* increased notably in the MD simulations in the N158D variation compared to native one. It therefore seems that dynamicity is an inherent feature of this site and the variation *per se* should not increase the instability of the protein, as also seen in [Table 1](#pone-0053688-t001){ref-type="table"}. Thus the observed loss of enzyme activity must follow from disturbance related to substrate binding, since N158 is one of the residues lining the substrate cavity ([Figure 4](#pone-0053688-g004){ref-type="fig"}) and is within binding distance to the 3R-hydroxydecanoyl substrate in the available docking structure [@pone.0053688-Ylianttila1]. This is consistent with the observation that the residue 158 is located in a loop lining the substrate cavity and its variation should have little effect on overall protein structure. Indeed, the *K* ~m~ for this substrate is considerably affected ([Table 1](#pone-0053688-t001){ref-type="table"}). However, yeast complementation experiment indicates at least some residual activity towards LCFAs ([Figure 2](#pone-0053688-g002){ref-type="fig"}). Altogether, in MD simulations this variation seems to cause fluctuations in the Ser-Tyr-Lys catalytic triad area [@pone.0053688-Jornvall1], in the area of substrate cavity as well as in the crossing area of the two C-terminal subdomains ([Figure 4](#pone-0053688-g004){ref-type="fig"}) (see also section *R248C and W249G variations*). These two latter areas have been shown to be essential for substrate binding also by Kashiwayama *et al*. [@pone.0053688-Kashiwayama1] with N158D variation causing decreased capability to bind VLCFA substrates. Also the NAD^+^ binding site seems to have increased fluctuation. Structurally N158 is located centrally to all these essential areas for substrate binding and activity of the protein ([Figure 4](#pone-0053688-g004){ref-type="fig"}) and therefore we can conclude that the correct placing of the substrate is compromised. The low measured dehydrogenase activity matches with the early decease age of a known patient (Dr. Sacha Ferdinandusse, personal communication).

One heterozygote N158D patient with the most common G16S variation has been reported previously [@pone.0053688-Ferdinandusse1]. The full-length protein and both dehydrogenase and hydratase 2 proteins were detected in immunoblots, but there is no information on biochemical metabolites. The patient passed away at the age of 14 months (Dr. Sacha Ferdinandusse, personal communication). The most common variation G16S is severe causing the decease before the age of two of the homozygote patients [@pone.0053688-Ferdinandusse1]. Our results indicate that N158D variation also causes the severe form of D-BP deficiency and probably results in impaired capability of utilizing LCFAs/VLCFAs.

E232K Variation {#s3h}
---------------

E232 resides in a loop and its side chain takes part in a salt bridge to K246 within the monomer and relays a dimerization contact to W273 in the other monomer ([Figure 3](#pone-0053688-g003){ref-type="fig"}). These contacts are obviously a very labile part of the structure since the above bonds show large distance fluctuations in the simulations in the native enzyme as well as in all the studied variations. The backbone of E232 forms a hydrogen bond with N190 located in one of the Rossmann fold β-sheets [@pone.0053688-Rao1] within the monomer. This bond seems to be stable in the native structure but disturbed by E232K variation (distance from 3 Å to 7 Å). However, 232 site is distant from the substrate binding site ([Figure 4](#pone-0053688-g004){ref-type="fig"}) and therefore an increased local dynamicity may not affect enzymatic properties as much as it may affect stability. The MD simulations show the E232K variation to cause more hydrogen bond fluctuations over the whole protein than the other studied variants: possible affected sites include areas essential for activity and dimerization. The effects do not seem to be so severe that the activity of the recombinant protein would be decreased dramatically and this variant probably is a decent enzyme with the efficiency (k~cat~/*K* ~m~) towards MCFAs remaining at 83% of the native dehydrogenase ([Table 1](#pone-0053688-t001){ref-type="table"}). In addition, the oleic acid experiment shows capability to utilize LCFAs ([Figure 2](#pone-0053688-g002){ref-type="fig"}). However, stability of this variant is reduced, both *in vitro*, as the recombinant protein is more prone to denaturation with ca. 9°C reduced thermal stability ([Table 1](#pone-0053688-t001){ref-type="table"}) and *in vivo*, as the full-length, dehydrogense and hydratase 2 proteins are almost invisible in the immunoblots from patient fibroblasts (Dr. Sacha Ferdinandusse, personal communication). Unfortunately, no other data concerning this E232K homozygote patient is known, but it is clear that E232K variation causes D-BP deficiency by a mechanism related to instability of the protein.

R248C and W249G Variations {#s3i}
--------------------------

These adjacent variations are convenient to discuss as a group. They are located at a characteristic crossing of β-strands ([Figure 3](#pone-0053688-g003){ref-type="fig"}) connecting the Rossmann fold core domain and the C-terminal subdomain of each dehydrogenase (or MFE-2) monomer, but at the same time provide a dimerization contact in the native enzyme [@pone.0053688-Haapalainen2]. We recall at this moment that the main hinge motion in the protein structure is inter-dimeric and centering around residues 248/249. There are no double variants known, however, so the structural, enzymatic and stability changes of both variations can conveniently be compared.

The R248 *NH* - E250 *OE* bond ([Figure 3](#pone-0053688-g003){ref-type="fig"}) appears to be unstable in the native enzyme, possibly due to its position at the outer rim of a potentially dynamic area. Other feasible bonds are not seen in the crystal structure. The R248C variation seems to cause fluctuation in the Ser-Tyr-Lys catalytic triad area, in the cavity area as well as in NAD^+^ binding area, but the increase in the interatomic distances is mostly small compared to other variations. It is therefore likely that R248 cannot be one of the most crucial dimerization contacts, and therefore variation in this site is not enough to totally abolish the enzyme activity ([Table 1](#pone-0053688-t001){ref-type="table"}). This view is supported by the available data on a patient whose age was over five years [@pone.0053688-Ferdinandusse1].

W249, in turn, forms a π-stacking interaction with the same residue from the other monomer ([Figure 3](#pone-0053688-g003){ref-type="fig"}). It is conceivable that the W249--W249 stacking provides a more firm dimerization connection at this site than R248. Stacking interactions in proteins and protein-DNA complexes involving aromatic groups typically range between 20 and 45 kJ/mol [@pone.0053688-Churchill1], [@pone.0053688-Copeland1], while a single hydrogen bond between an amide and a carbonyl group remains at ca. 12.5 kJ/mol [@pone.0053688-Schulz1]. Losing the hydrogen bond at the 248 site perturbs the local structure less, since the site 249 stacking interaction remains, and therefore considerable enzyme activity and unaltered *K* ~m~ ([Table 1](#pone-0053688-t001){ref-type="table"}) are detected for R248C in comparison with W249G. On the contrary, if both tryptophans, which are directed towards the interior of the protein, are replaced by glycines, a large cohesive force is lost and a more probable outcome is a local opening of the dimeric structure and disturbance of the substrate binding, seen also as increased *K* ~m~ and lost enzyme activity of W249G. It is therefore reasonable to conclude that W249 is at this site the dominant stability factor over R248.

In MD simulations W249G variation seems to cause fluctuation in the same areas as R248C: the cavity, the Ser-Tyr-Lys triad and the NAD^+^ binding area. Kashiwayama *et al.* [@pone.0053688-Kashiwayama1] found that the area Trp249-Arg251 is essential for substrate binding and W249G variation leaves the capacity of the enzyme to bind substrates to a level of 30% of the native protein, a feature seen also in our results by increasing *K~m~*. In the yeast complementation experiment, both R248C and W249G enzymes could still utilize LCFAs ([Figure 2](#pone-0053688-g002){ref-type="fig"}).

Three R248C homozygote patients and one R248C-W249G heterozygote patient have been described previously [@pone.0053688-Ferdinandusse1]. The relatively long lifespan (\>5 years) of one of the R248C patients, who was homozygote at the cDNA level but heterozygote at the genomic DNA level, indicates that R248C is a mild variation. On the contrary, the R248C-W249G heterozygote patient passed away in the age of 10 months. In the immunoblotting, the full-length MFE-2 and hydratase 2 protein levels of the heterozygote patient were decreased considerably and only a trace of dehydrogenase protein was seen (Dr. Sacha Ferdinandusse, personal communication). In light of these data it can be concluded that the virtually complete loss of enzyme activity due to the W249G variation possibly overrules the residual activity left by the R248C variation.

Concluding Remarks {#s3j}
------------------

We have determined the enzyme kinetics and protein stability of the wild type and five disease-causing variations of the 3R-hydroxyacyl-CoA dehydrogenase fragment of human MFE-2 *in vitro*. To shed light on the molecular basis of D-BP deficiency we have used molecular dynamics simulation to produce ensembles of variant protein structures, offering a dynamic view of the wild type protein and available patient variants. This approach appears to be a better tool than static structural considerations in this case not even possible due to the lack of substrate-bound crystal structures of the disease-causing MFE-2 variants, to analyze consequences of specific lost chemical bonds in patient variants. A thorough analysis of hydrogen bonding involving variant residues and their surroundings was performed. The results correlated well with *in vitro* experimental data, with *in vivo* activity of the full-length MFE-2 as well as with clinical data of the patients.

Among the MFE-2 variants, amenable for overexpression and subsequent purification, V~max~ and the efficiency (k~cat~/*K* ~m~) were significantly affected by variation an exception being E232K, however. Thus, the impaired enzyme kinetics can be concluded as a common denominator for the emergence of D-bifunctional protein deficiency in the set of variants studied. A complete loss of enzymatic activity probably leads to a severe form of the disease.

More interesting, however, is that the *in vitro* stability of the affected protein may not be a good indication of the severity of the disease. Reduced thermal stability of the T15A and E232K variations was not enough to abolish their activity, while the N158D and W249G variations result in inactive enzymes and severe form of the disease despite normal protein stability. It is noted that the affected stability and the opening of the structure (like e.g. domain movements or secondary structure fluctuations) are not necessarily connected. Important is whether this leads to impaired cofactor or substrate binding resulting in diminished catalytic efficiency, or whether the structural disturbance is distant from these sites with an outcome of minor dysfunction.

Supporting Information {#s4}
======================
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**Changed rare amino acid codons in** ***HsMFE-2*** **cDNA.** In total 13 codons for arginine and 2 for isoleucine that are rare for *E. coli* were replaced with more common ones without changing the original amino acid sequence to increase the expression level of the recombinant *Hs*MFE-2 protein. The point mutations were done by using a QuikChangeTM site-directed mutagenesis kit (Stratagene).
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Click here for additional data file.
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